T he prevalence of cardiovascular diseases increases with age. 1 Mortality of coronary artery disease in the elderly is higher than that in the middle-aged. 2, 3 Consistent with clinical investigations, experimental studies demonstrate that hearts from senescent animals are more susceptible to ischemia than those from young animals. 4 -6 Both age-related increased prevalence of systemic diseases, referred to as cardiovascular risk factors, and development of cardiovascular aging contribute to the association between aging and cardiovascular diseases. 1 Therefore, development of novel therapeutics for the purpose of controlling cardiovascular aging is urgently required to provide for population aging in developed countries.
Caloric restriction (CR) has been widely investigated in experimental animals as a powerful intervention that can prevent and reverse age-related changes. [7] [8] [9] The daily caloric intake in CR-treated animals was 50% to 70% of the average food intake of animals fed ad libitum (AL). Although there is no evidence stating that CR prolongs lifespan in humans, it markedly increases life span in several species, including rhesus monkey. 7, 10 In addition, there is mounting evidence that CR profoundly affects the physiological and pathophysiological alterations associated with aging. [7] [8] [9] [10] [11] We have demonstrated that both short-term (4 weeks) and prolonged (6 months) CR improves myocardial ischemic tolerance in rats of different ages. 6, 12 In the short-term CR setting, we have established an obligatory role for the activation of adiponectin-AMP activated protein kinase signaling in CR-induced cardioprotection. 13 However, the mechanism(s) by which prolonged CR confers cardioprotection remains unknown. 12 In the past decade, silent information regulator (Sir) 2, a longevity gene, has been reported to mediate lifespan extension by CR in lower organisms such as Caenorhabditis elegans. 14 -16 In addition, recent evidence indicates that mammalian Sirtuin, which is an ortholog of Sir2 and consists of 7 members of sirt proteins, regulates various aspects of CR response. 14 -16 We have found that cardioprotection afforded by prolonged CR is associated with increased level of Sirt1 protein and decreased level of acetyl-histone H3 in the nuclear fraction. 12 These findings suggest the involvement of Sirtuin in CR-induced cardioprotection; however, how Sirtuin works in the CR heart remains to be elucidated.
Because mitochondria produce the energy required for maintaining cellular homeostasis and reactive oxygen species (ROS) as a byproduct, the mitochondrion is believed to be the key organelle for cardioprotection against ischemia/reperfusion injury. [17] [18] [19] [20] Several investigations have demonstrated that CR restores aged-related mitochondrial dysfunction and attenuates oxidative damage in mitochondria. 8, 9, 11, [21] [22] [23] [24] These results strongly suggest that CR directly attenuates ROS production in mitochondria. However, how CR attenuates ROS production and what molecular mechanisms regulate ROS production in mitochondria remain unknown, despite fragmentary information from previous studies. 25 Recently, a comprehensive analysis of the mitochondrial proteome was undertaken to clarify the effect of aging and CR on mitochondrial proteins; the findings showed that CR has a minor effect on age-related changes in proteins. 26 The failure to identify CR-associated changes in mitochondrial protein expression using conventional proteomics techniques strongly suggests that posttranslational modification of mitochondrial proteins might be more important than transcriptional changes for the development of CR effects.
Thus, we hypothesized that deacetylation of specific mitochondrial proteins preserves mitochondrial function and attenuates ROS production during ischemia/reperfusion. The aims of the present study were to investigate (1) the effects of prolonged CR on cardiac mitochondrial function, including ROS production, (2) whether the expression levels of mitochondrial proteins and the degree of acetylation in cardiac mitochondrial proteins are affected by prolonged CR, and (3) whether any CR mimetics, such as Sirtuin-activating compounds, can reproduce the effects of CR on mitochondrial protein deacetylation and ROS production during hypoxia/ reoxygenation in cultured rat cardiomyocytes.
Methods
An expanded Methods section is available in the Online Supplement at http://circres.ahajournals.org.
CR Protocols
Twenty-six-week-old Fischer344 male rats were randomly divided into 2 groups. For the next 26 weeks, AL rats continued to be fed ad libitum with control diet A. CR rats were fed with 90% of the average caloric intake during the AL period for 2 weeks (10% restriction), followed by 60% of that for 24 weeks (40% restriction) with modified, semipurified diets B and C, as described previously. 27 Finally, 26 and 20 rats were assigned to the AL and CR groups, respectively.
Phase I Experiments

Langendorff Perfusion of Hearts
Isolated rat hearts were perfused according to Langendorff procedure. 6, 12 Four hearts from each group were immediately used after initial perfusion to assess basal mitochondrial function. Eight hearts from each group were subjected to 25 minutes of global ischemia, followed by either 3 minutes or 5 minutes of reperfusion.
Isolation of Mitochondria and Assessment of Mitochondrial Function
Mitochondria were freshly isolated from perfused hearts before the induction of ischemia (baseline) or at 3 minutes of reperfusion after 25 minutes of global ischemia. We evaluated (1) individual enzymatic activity of complexes I, II, III, and IV; (2) mitochondrial respiration; (3) mitochondrial H 2 O 2 production rate; and (4) Ca 2ϩ -induced opening of mitochondrial permeability transition pore.
Phase II Experiments
Ettan 2-Dimension Fluorescence Difference Gel Electrophoresis
Mitochondrial proteins from AL hearts and CR hearts were labeled with Cy2 dye and Cy5 dye, respectively. An identical amount of each sample (300 g) was then mixed and separated by 2D electrophoresis. The fluorescence of each spot was analyzed using the Ettan 2-dimension fluorescence difference gel electrophoresis (DIGE) Imager. In another set of experiments, with mitochondrial proteins from AL or CR hearts, 700 g of unlabeled proteins was added to 150 g of Cy5-labeled proteins and separated by 2D electrophoresis. The Western immunoblotting technique with Cy2-labeled 2nd antibodies was used to assess acetylated proteins at lysine residues. The same experiments were performed using mitochondrial proteins from young control hearts (YC: 8-week-old Fischer344 male) and AL hearts to clarify the effect of aging per se on the differences with or without CR. After spots were cut out, protein identification was carried out using matrix-assisted laser desorption/ionization-time-offlight/mass spectrometry and the Mascot and ProFound search engines. We repeated the same experiments 3 times using different samples. 
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Confirmation and Quantification of Modified Mitochondrial Proteins
The results of matrix-assisted laser desorption/ionization-time-offlight/mass spectrometry were confirmed and quantified by immunoprecipitation and Western immunoblotting.
Phase III Experiments
Myocyte Isolation and Western Immunoblotting
Adult ventricular myocytes were isolated from 26-week-old Fischer344 male rats and treated with either of vehicle (dimethyl sulfoxide), Resveratrol, Resveratrolϩnicotinamide, or Kaempferol for 12 hours.
Cell Culturing and Western Immunoblotting
Neonatal ventricular myocytes from 1-to 2-day-old Sprague-Dawley rats were treated with either of vehicle (dimethyl sulfoxide), Resveratrol, Resveratrolϩ nicotinamide, or Kaempferol for 24 hours.
Glucose-Free Hypoxia and Reoxygenation
Cultured neonatal cardiomyocytes were exposed to 5 hours of hypoxia, followed by 1 hour of reoxygenation. Cell viability and ROS production were compared among groups. Figure IA) .
Statistical Analysis
Mitochondria Function
(1) Enzymatic Activity of Complexes I, II, III, and IV There was no difference in the enzymatic activity of each electron transport chain (ETC) complex between the 2 groups (Online Figure IB) .
(2) Mitochondrial Respiration
At baseline, mitochondrial state 3 respiration was higher in the CR heart in the presence of succinate as a substrate but not in the presence of pyruvate/malate ( Figure 1A ). In contrast, CR preserved state 3 respiration and increased respiratory control index in the presence of pyruvate/malate in the ischemic-reperfused heart. These findings suggest that the mitochondria in the CR heart are well coupled during the ischemia/ reperfusion sequence. 
(4) Ca 2ϩ -Induced Opening of Mitochondrial Permeability Transition Pore
At baseline, Ca 2ϩ -induced mitochondrial swelling was less in the CR heart, but the difference did not reach statistical significance ( Figure 1C ). Mitochondria from ischemicreperfused CR hearts were definitely resistant to swelling induced by Ca 2ϩ loading.
Western Immunoblotting
Oxyblot analysis demonstrated that protein carbonyls were decreased in the ischemic-reperfused CR hearts ( Figure 2A ). Western immunoblotting indicated that the level of proteins acetylated at lysine residues increased with age in the mitochondrial fraction and that these changes were partially attenuated with CR ( Figure 2B ). However, no difference was observed in the expression levels of Sirt1 and Sirt3 in mitochondrial and cytosolic fractions between the 2 groups ( Figure 2C and 2D). With regard to Sirt3, we analyzed only a 28-kDa band because it is an active form of Sirt3. 28 The short form of Sirt3 was detected only in the mitochondria fraction. In addition, CR did not increase the expression levels of manganese superoxide dismutase (MnSOD) in the mitochondrial fraction.
Nicotinamide Adenine Dinucleotide ؉ -Dependent Deacetylase Activity CR significantly increased NAD ϩ -dependent deacetylase activity in total heart homogenate ( Figure 2E ). Furthermore, CR increased NAD ϩ -dependent deacetylase activity in the mitochondrial fraction by 30%.
Phase II Experiments
Proteomics Analysis of Mitochondrial Proteins
The Ettan 2-DIGE system was used to identify changes in the expression levels and acetylated state of mitochondrial proteins. Figure 3 represents the Cy2, Cy5, and overlay images of mitochondrial proteins. The green spot indicates reduced protein content in the CR heart, and the red spot indicates increased protein content. Finally, we identified 2 proteins that increased with CR and 4 proteins that decreased with CR (Table, A) . Figure 4 illustrates ECL detection of acetylated proteins and the overlay image of the PVDF membrane in the AL and CR groups. By comparing these images, we identified 3 candidate proteins whose acetylation was increased by CR and 7 candidate proteins whose acetylation was decreased by CR (Table, B) . These altered proteins are involved in the tricarboxylic acid cycle, ETC, creatine shuttle, and mitochondrial permeability transition pore, as well as include chaperone proteins.
As shown in Online Table II and Online Figure II , we found that aging increased the expression levels of 2 mitochondrial proteins and decreased those of 4 mitochondrial proteins. Furthermore, we identified 7 mitochondrial proteins that were increasingly acetylated with aging. CR restored age-associated alterations in 5 of 6 mitochondrial proteins and deacetylated 3 of 7 mitochondrial proteins whose acetylation increased with aging.
Confirmation and Quantification of Modified Mitochondrial Proteins
Among candidate proteins, we focused on the following 2 mitochondrial proteins involved in the ETC: NADH-ubiquinone oxidoreductase 75-kDa subunit (NDUFS1) and cytochrome bc1 complex Rieske subunit. Western immunoblotting revealed that CR decreased NDUFS1 by 13% and did not change the expression levels of the Rieske subunit ( Figure 5A and 5B). Immunoprecipitation analysis demonstrated that the acetylated form of NDUFS1 and Rieske subunit significantly decreased in the CR heart ( Figure 5A ). . Mitochondria were isolated from hearts either before induction of sustained ischemia (baseline) or after 25 minutes of ischemia, followed by 3 minutes of reperfusion. B, Mitochondrial H 2 O 2 production (nϭ4, each group). Mitochondria were isolated from hearts either before induction of sustained ischemia (baseline) or after 25 minutes of ischemia, followed by 3 minutes of reperfusion. C, Ca 2ϩ -induced opening of mitochondrial permeability transition pore (mPTP) (nϭ4, each group). Mitochondria were isolated from hearts either before induction of sustained ischemia (baseline) or after 25 minutes of ischemia, followed by 3 minutes of reperfusion. AL indicates ad libitum; CR, caloric restriction; and CsA, cyclosporine A. Data are represented as meanϮSEM. *PϽ0.05 versus AL group. 
Phase III Experiments
Western Immunoblotting
Hypoxia/Reoxygenation Experiment
In cultured neonatal cardiomyoytes, treatment with either low-dose or high-dose Resveratrol attenuated the increase in the fluorescent intensity of 2Ј, 7Ј-dichlorodihydrofluorescein after hypoxia/reoxygenation ( Figure 6E and 6F), suggesting that treatment with Resveratrol decreases ROS production during early reoxygenation. As a result, pretreatment with either low-dose or high-dose Resveratrol protected the cardiomyocytes from cell death caused by glucose-free hypoxia/reoxygenation ( Figure 6G and 6H) . In contrast, cytoprotective effect against hypoxia/reoxygenation was not observed when cardiomyocytes were treated with Kaempferol. Treatment with nicotinamide completely abrogated the effects of low-dose Resveratrol on Cy5 image showing 2D electrophoresis of mitochondrial proteins from a CR heart. C, Representative overlay image for total mitochondrial proteins. The green spot indicates decreased protein expression in the CR heart and the red spot, increased protein expression in the CR heart, compared with those in the AL heart. The number in C corresponds to that in the Table, A. ROS production and cell survival, indicating that the effects of low-dose Resveratrol were dependent of Sirtuin activity.
Discussion
This study provides 4 major findings: (1) prolonged CR attenuated myocardial oxidative damage after ischemia/ reperfusion by suppressing mitochondrial ROS production during early reperfusion, (2) prolonged CR had little effect on the expression levels of mitochondrial proteins, but it decreased the amount of acetylated forms of several mitochondrial proteins belonging to the ETC that were associated with enhanced Sirtuin activity, (3) low-dose Resveratrol mimicked the effect of CR on deacetylating NDUFS1 and Rieske subunit of cytochrome bc1 complex in freshly isolated adult cardiomyocytes and cultured neonatal cardiomyocytes, and (4) in cultured neonatal cardiomyocytes, low-dose Resveratrol resulted in decreased ROS production and improved cell survival after hypoxia/reoxygenation without increasing the expression levels of MnSOD in a Sirtuin-dependent manner.
Increasing evidence demonstrates that CR can prevent and reverse the physiological and pathophysiological alterations associated with aging. [7] [8] [9] 11 In fact, our results indicate that CR partially antagonizes age-related alterations in mitochondrial proteins. In addition, our results strongly suggest that CR influences the mitochondrial proteome by age-related and -unrelated mechanisms. These findings may explain how CR protects myocardium from ischemia/reperfusion injury at different ages (young, middle-aged, and elderly). 6, 12, 13 Specifically, CR may exert cardioprotection by antagonizing the detrimental changes associated with aging and by modifying cellular functions independent of the aging process.
A robust increase in ROS production after ischemia/ reperfusion is one of the main causes of myocardial ischemia/reperfusion injury. 29, 30 Oxyblot analysis in the present study demonstrated that CR attenuated myocardial oxidative damage after ischemia/reperfusion. The mitochondrion is the major source of ROS during the ischemia/reperfusion sequence 17, [31] [32] [33] [34] ; therefore, it is likely that CR directly attenuates ROS production in mitochondria during ischemia/reperfusion. In fact, several investigations proved that CR attenuated the levels of 8-hydroxy-2Ј-deoxyguanosine in mitochondrial DNA, a marker of mitochondrial oxidative damage, in the heart. 22, 23 However, the mechanisms-molecular or otherwise-underlying CR-induced attenuation of ROS production in the heart and modulation of mitochondrial function remain unclear. 
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One possible mechanism by which CR modifies mitochondrial ROS production is enhanced mitochondrial biogenesis associated with amplified antioxidant mechanisms. Activation of Sirt1 increased mitochondrial biogenesis through activation of peroxisome proliferator-activated receptor ␥ coactivator 1 in the skeletal muscle. 35 Nisoli et al 36 demonstrated that 3 months of CR enhanced mitochondrial biogenesis in the murine heart and that this phenomenon was dependent on endothelial nitric oxide synthase. Activation of Sirt1 also contributes to decreased oxidative damage in CR-treated hearts by upregulating antioxidant enzymes including MnSOD, as seen in the failing hearts of TO2 hamsters. 37 However, we did not find any increase in the mitochondrial DNA and protein content, and in the expression levels of MnSOD, indicating that CR did not enhance mitochondrial biogenesis associated with amplified antioxidant mechanisms in middle-aged rat hearts.
Another possible mechanism is CR-induced modification of specific mitochondrial proteins involved in ROS production. A comprehensive analysis of the mitochondrial proteome had been undertaken to clarify the effect of aging and CR on mitochondrial proteins. 26 The authors concluded that CR has a minor effect on age-related protein changes, even in the heart. These results are consistent with our results and demonstrate that changes in the expression levels of mitochondrial proteins were relatively lesser during the CR period. The failure to identify CR-related changes in mitochondrial protein expression by using conventional proteomics techniques strongly suggests that posttranslational modifications of mitochondrial proteins might be more important than transcriptional changes for CR to be effective. Among many forms of protein modifications, we focused on deacetylation of mitochondrial proteins in the CR heart, because we found that the activated form of Sirt1 was increased in the CR heart. 12 Among the 7 Sirtuin members, Sir3, Sirt4, and Sirt5 target mitochondria. 14 -16,38 Thus, we speculated that activated Sirtuin during CR attenuates mitochondrial ROS production by deacetylating specific mitochondrial proteins.
Regarding the enzymatic activity of the ETC, baseline mitochondrial respiration and mitochondrial H 2 O 2 production in the CR heart were comparable to those in the AL heart. It emerged that ischemia/reperfusion increases electron leakage from the ETC and results in a robust increase in mitochondrial ROS production during early reperfusion. As shown in Figure 1C and 1D, preserved mitochondrial respiration with attenuated H 2 O 2 production in the CR heart subjected to ischemia/reperfusion strongly suggested that mitochondria in the CR heart were more resistant to ischemia/reperfusion. Our findings correspond well with those of Broderick et al 39 : they found that the beneficial effect of CR on the recovery of left ventricular function after ischemia/reperfusion were associated with improvement in mitochondrial respiration. Analysis of mitochondrial H 2 O 2 production rate ( Figure 1B) suggested that electron leakage from complex I and/or III might be attenuated in the CR heart. In addition, we found that mitochondria from the ischemic-reperfused CR heart were resistant to Ca 2ϩ overload. Although it is still unknown whether this phenomenon is dependent on or independent of reduced mitochondrial ROS production during ischemia/reperfusion, this finding supported our hypothesis that CR primes mitochondria for ischemic stress because Ca 2ϩ overload is another cause of myocardial ischemia/ reperfusion injury. 29, 30, 40 The effect of CR on basal mitochondrial function in the heart remains controversial. Gredilla et al 23 demonstrated that 12 months of CR significantly decreased mitochondrial H 2 O 2 production in the presence of pyruvate/malate but did not modify mitochondrial oxygen consumption in 24-month-old Wistar rat hearts. They speculated that CR decreased mitochondrial free radical generation at complex I because CR failed to decrease mitochondrial H 2 O 2 production in the presence of succinate. Colom et al 22 found that 3 months of CR attenuated mitochondrial H 2 O 2 production in the presence of pyruvate/malate or succinate in 18-month-old Wistar rat hearts. They also confirmed that CR decreased the enzymatic activities of both complexes I and III. In contrast, other studies failed to find any changes in mitochondrial respiration and H 2 O 2 production in the CR heart. 41, 42 Recently, Niemann et al 24 demonstrated that 6 months of CR improved mitochondrial respiration and enhanced the enzymatic activity of complex I in 30-month-old rat hearts and that those changes were not observed in 12-month-old rat hearts. Our results were consistent with their findings with middle-aged rat hearts, suggesting that CR has little effect on basal mitochondrial function in the middle-aged heart, probably because mitochondrial function is maintained at a high level.
As expected, enhanced Sirtuin activity was associated with a decrease in the amount of acetylated forms of mitochondrial proteins in the CR heart. Interestingly, most of the deacetylated proteins were related to cellular metabolism (Table) . Among them, we focused on 2 proteins, NDUFS1 and Rieske subunit of cytochrome bc1 complex, which belong to complexes I and III, respectively. NDUFS1 and Rieske subunit were deacetylated in the CR heart, and low-dose Resveratrol could mimic the effect of CR on deacetylation of these proteins and ROS production during hypoxia/reoxygenation. These findings strongly suggested that deacetylation of NDUFS1 and Rieske subunit is closely associated with the decrease in mitochondrial ROS production after ischemia/ reperfusion in the CR heart. Although it is not yet clear how the modification of these proteins reduces electron leakage from the ETC during the ischemia/reperfusion sequence, it is certain that each of these proteins plays an important role in electron transfer through the ETC. NDUFS1 is the largest subunit of complex I and is a component of the iron-sulfur fragment of the enzyme. It faces the mitochondrial matrix, receives electrons from NADH and passes them to the downstream iron-sulfur protein clusters. Mutations in the NDUFS1 gene are a recognized cause of Leigh syndrome. Impaired cellular oxidative metabolism is observed in patients with mutations on the NDUFS1 gene. 43 The Rieske subunit is also a component of the iron-sulfur fragment of cytochrome bc1 complex and transfers electrons to cytochrome c. Liu et al 44 showed that 4 subunits from the ETC including the Rieske subunit were remarkably nitrated at the tyrosine residues in the ischemicreperfused heart. Thus, deacetylation of these proteins might protect them from detrimental protein modifications during ischemia/reperfusion. Further investigations are needed to clarify this issue.
Although we demonstrated that Sirtuin activity was enhanced in the CR heart, we could not identify which Sirtuin protein was responsible for deacetylation of NDUFS1 and Rieske subunit. We found no significant increase in the expression levels of Sirt3 in the mitochondrial fraction between the AL and CR hearts ( Figure 2C and 2D). However, Sirt3 is still one of the leading candidates responsible for CR-induced modification of mitochondrial function. Mounting evidence indicates that Sirt3 plays a major role in fatty acid oxidation and maintenance of cellular ATP levels by regulating the acetylation levels of key metabolic enzymes. 28, 38, 45 Thus, it is possible that NDUFS1 and Rieske subunit are novel targets of Sirt3. However, Kaempferol, which increases the expression and mitochondrial localization of Sirt3, 46 failed to mimic the effect of CR on the deacetylation of mitochondrial proteins in the present study. In addition to Sirt3, Sirt4 and Sirt5 are located in mitochondria and regulate mitochondrial function and mitochondrial gene expression. 38 Sirt4 and/or Sirt5 might regulate the acetylation levels of NDUFS1 and Rieske subunit in the mitochondria. Further evaluations are needed to determine which Sirtuin protein is responsible for the effect of CR on mitochondrial protein deacetylation and function.
The present study has several limitations. We performed proteomics analysis of mitochondrial proteins with the Ettan 2-DIGE system. This method is not quantitative, and it is possible that we overlooked important target proteins of mitochondrial Sirtuins. Mounting evidence demonstrates that decreased expression levels of connexin 43 and the signal transducer and activator of transcription 3 (STAT3) localized in mitochondria is involved in age-associated loss of cardioprotection afforded by ischemic preconditioning and postconditioning. [47] [48] [49] Immunoprecipitation and Western immunoblotting revealed no changes in their acetylated levels with CR, although we verified that the expression levels of mitochondrial connexin 43 significantly reduced with aging and CR attenuated this decrease (data not shown). We speculate that connexin 43 and STAT3 are not targets for mitochondrial Sirtuins. However, it is possible that CR restores cardioprotection in aged animals by modulating connexin 43-mediated and STAT3-mediated signaling. We should evaluate whether STAT3-mediated and connexin 43-mediated signaling toward mitochondria is regulated by their acetylation/deacetylation states. Next, we evaluated the effect of deacetylating mitochondrial proteins by CR mimetics on ROS production and cell viability using cultured neonatal cardiomyocytes. We recognize that mitochondrial function and dynamics in ROS production in neonatal myocytes were entirely different from those in middle-aged cardiomyocytes. However, we speculate that the effect of deacetylating specific mitochondrial proteins by CR is universal, independent of the aging process. Finally, 2 different populations of mitochondria exist in cardiomyocytes: subsarcolemmal and interfibrillar mitochondria. 50 Increasing evidence demonstrates that these mitochondrial populations differ in morphology, function, and the signal transduction in cardioprotection. 50 ,51 Thus, we should pay attention to the distinct effect of aging and CR on subsarcolemmal and interfibrillar mitochondria in the future.
In summary, this study demonstrates that CR primes cardiac mitochondria into a stress-resistant state, resulting in improvements in myocardial ischemic tolerance. On the basis of the finding that enhanced Sirtuin activity was associated with a decrease in the amount of acetylated mitochondrial proteins in the CR heart, we proposed that the beneficial effect of CR on mitochondrial function is mediated by deacetylating specific mitochondrial proteins. Among numerous CR-induced deacetylated proteins, we speculated that the deacetylation of NDUFS1 (complex I) and/or Rieske subunit of cytochrome bc1 complex (complex III) plays a key role in the reduced ROS production in the mitochondria during early reperfusion. Figure 7 illustrates possible mechanism(s) by which CR and low-dose Resveratrol attenuate ROS production from the ETC during ischemia/reperfusion sequence. Thus, targeted modification of NDUFS1 and/or Rieske subunit might have potential as a novel therapeutic approach for cardioprotection against ischemia/reperfusion. Pharmacological inhibition of the ETC, especially complexes I and III, is expected to protect cardiac mitochondria and decrease myocardial ischemia/reperfusion injury. 17 In contrast, deacetylation of NDUFS1 and/or Figure 7 . Possible mechanism(s) by which CR attenuates ROS production from mitochondria during ischemia/reperfusion. Possible mechanism(s) by which CR attenuates ROS production from mitochondria during ischemia/reperfusion. ADP indicates adenosine diphosphate; ATP, adenosine triphosphate; FAD, flavin adenine dinucleotide (oxidized); FADH2, flavin adenine dinucleotide (reduced); GPx, glutathione peroxidase; iP, inorganic phosphate; NAD, nicotinamide adenine dinucleotide (oxidized); NADH, nicotinamide adenine dinucleotide (reduced); ROS, reactive oxygen species; and SOD, superoxide dismutase.
What New Information Does This Articles Contribute?
• CR attenuates myocardial oxidative damage by suppressing mitochondrial reactive oxygen species (ROS) production during early reperfusion.
• NDUFS1 and Rieske subunit of cytochrome bc1 complex that belong to the electron transport chain are significantly deacetylated in the CR heart. • Deacetylation of these mitochondrial proteins plays a key role in reduced ROS production in the mitochondria and is essential for CR-induced cardioprotection.
Several reports suggest that CR directly attenuates ROS production in the mitochondria and thus suppresses oxidative damage in various tissues. However, how ROS production is attenuated during CR and what molecular mechanisms regulate its production in the mitochondria remains partially unknown. Data in the present study suggest that mitochondrial Sirtuin deacetylates specific mitochondrial proteins that belong to the electron transport chain during CR and, consequently, cardiac mitochondria are primed into a stress-resistant state, resulting in improved myocardial ischemic tolerance. NDUFS1 and Rieske subunit of cytochrome bc1 complex, which belong to complexes I and III, respectively, are novel target proteins for mitochondrial Sirtuin. Targeted modification of these mitochondrial proteins might have potential as a novel therapeutic approach for cardioprotection against ischemia/reperfusion. Deacetylating NDUFS1 and/or Rieske subunit by a specific Sirtuin-activating compound has the advantage of attenuating mitochondrial ROS production during early reperfusion because this modification is expected not to affect mitochondrial function at baseline.
